Background. Despite recent evidence suggesting that some severely brain-injured patients retain some capacity for topdown processing (covert cognition), the degree of sparing is unknown. Objective. Top-down attentional processing was assessed in patients in minimally conscious (MCS) and vegetative states (VS) using an active event-related potential (ERP) paradigm. Methods. A total of 26 patients were included (38 ± 12 years old, 9 traumatic, 21 patients >1 year postonset): 8 MCS+, 8 MCS−, and 10 VS patients. There were 14 healthy controls (30 ± 8 years old). The ERP paradigm included (1) a passive condition and (2) an active condition, wherein the participant was instructed to voluntarily focus attention on his/her own name. In each condition, the participant's own name was presented 100 times (ie, 4 blocks of 25 stimuli). Results. In 5 MCS+ patients as well as in 3 MCS− patients and 1 VS patient, an enhanced P3 amplitude was observed in the active versus passive condition. Relative to controls, patients showed a response that was (1) widely distributed over frontoparietal areas and (2) not present in all blocks (3 of 4). In patients with covert cognition, the amplitude of the response was lower in frontocentral electrodes compared with controls but did not differ from that in the MCS+ group. Conclusion. The results indicate that volitional top-down attention is impaired in patients with covert cognition. Further investigation is crucially needed to better understand top-down cognitive functioning in this population because this may help refine brain-computer interface-based communication strategies.
Introduction
Previous neuroimaging and electrophysiological studies using active paradigms (such as mental imagery or counting) [1] [2] [3] [4] [5] [6] [7] [8] [9] have reported voluntary brain activity in severely brain-injured patients who fail to respond behaviorally to command and appear to be in a vegetative state (VS; ie, eyes open with reflexive behaviors only) 10 or in a minimally conscious state (MCS; ie, reproducible but inconsistent volitional behaviors). 11 These findings suggest the presence of covert cognition 4, 12 or, in other words, the presence of topdown cognitive processing in the absence of discernible motor or verbal responses. This has led to debate about the potential use of brain-computer interface (BCI) strategies to re-establish communication in this population. [13] [14] [15] However, even though previous studies have shown covert cognition in some severely brain-injured patients, this does not mean that volitional top-down cognition is fully preserved. Active tasks are likely to be effortful to perform for such patients because of diminished and/or fluctuating cognitive resources.
Until now, few studies have investigated the extent to which volitional top-down cognition is functional in this type of patient. 16 Different aspects of consciousness rely on distinct attentional subsystems. 17, 18 The tonic arousal system modulates basic wakefulness and is necessary but not sufficient for awareness. 19 The phasic arousal system detects behaviorally relevant, salient, or unexpected stimuli, providing sensory awareness, and may still be active in unconscious states. 20, 21 Unlike the tonic and phasic arousal systems, the so-called "top-down" attentional processing is goal directed and involves volitional selection of stimuli. 22, 23 As an example, top-down attention can be explicitly distinguished from bottom-up attention when a person is asked to pay attention to something. Volitional top-down attention also differs from reflexive top-down attention in which attention is automatically oriented to a subset of salient stimuli (eg, cocktail party phenomenon). 24 Top-down attentional control reflects a voluntary choice made to allocate resources to a specific target and represents a more demanding and sustained process than the automatic detection of salient stimuli. 25 Volitional topdown attention can be investigated using event-related potentials (ERPs). In a typical oddball paradigm, the target stimulus on which the individual has to focus his or her attention is compared with the nontarget (standard) ones. The amplitude of electrophysiological response, such as the P3, is known to be modulated by attention load and is commonly higher for the target stimulus. Such a response may, therefore, be informative of the remnant attentional control in severely brain-injured patients 26 and was investigated in this study.
The ability to voluntarily pay attention is essential to any cognitive activity we engage in on a daily basis. Any impairment may have a significant impact on how we deal with such activities. For severely brain-injured patients with covert cognition, such impairment could compromise the use of BCIs. A better understanding of residual cognitive functioning is hence essential to the timing and appropriate use of compensatory communication devices. In this context, we assessed and compared volitional attentional processing among patients with disorders of consciousness (DOC) using an active electrophysiological paradigm.
Methods

Participants
Inclusion and Exclusion Criteria. Patients were recruited from the University Hospital of Liege (Liège, Belgium) and the JFK Johnson Rehabilitation Institute (Edison, NJ). Medically stable VS and MCS patients (with traumatic and nontraumatic etiologies) were diagnosed using the Coma Recovery Scale-Revised (CRS-R). 27 Healthy controls were matched to the patients according to handedness and age. Inclusion criteria were (1) age >18 years, (2) at least 28 days postinjury, (3) documented presence of auditory startle (ie, CRS-R auditory subscore ≥1), and (4) no neuromuscular function blockers and no sedation within the prior 24 hours. Exclusion criteria were (1) documented history of prior brain injury; (2) premorbid history of hearing impairments; (3) premorbid history of developmental, psychiatric, or neurological illness resulting in documented functional disability up to the time of the injury; (4) craniectomy; (5) lobectomy; (6) open lesion of the scalp; (7) acute illness; and (8) untreated hydrocephalus.
Sample Description. In all, 30 severely brain-injured patients were recruited; 4 patients were excluded because of low quality EEG recordings (ie, ocular, muscle, and/or noise artifacts), and 26 patients (38 ± 12 years old; 18 men) were included in the ERP analyses. All patients were right handed. The etiology of brain injury was anoxic (n = 12), traumatic (n = 9), hemorrhagic stroke (n = 3), metabolic (n = 1), or encephalitis (n = 1). Among the patients, 19 presented a DOC for more than a year (from 1.12 to 10.4 years postinjury) and 7 for less than a year (from 34 to 363 days postinjury); 10 patients were diagnosed as being in a VS, 8 in a MCS−, and 8 in a MCS+ according to CRS-R scores (see Behavioral Assessment section below and Table 1 ). Three patients demonstrated either functional communication or functional object use during 1 assessment, but this performance was not observed consistently through 2 consecutive assessments and hence did not correspond to the criteria for emergence from MCS. 11 In all, 15 patients were assessed at the University Hospital of Liege and 11 at the JFK Johnson Rehabilitation Institute. Using either χ 2 tests or Mann-Whitney U tests, we did not find differences between patients recruited from both centers in terms of age (U = 61; P = .26), time since injury (U = 71; P = .55), etiology (traumatic vs nontraumatic; χ 2 = 0.45; P = .50), or diagnosis (VS vs MCS; χ 2 = 0.01; P = .90). In both centers, patients were assessed by the same examiner (CS) using the same equipment. There were 14 right-handed healthy controls (30 ± 8 years old; 3 men) who also participated in the experiment. The study was approved by the ethics committee of the Faculty of Medicine of the University of Liege and by the institutional review board of the JFK Johnson Rehabilitation Institute. Written informed consent was obtained from the patients' legal surrogates.
Behavioral Assessment
The CRS-R is a sensitive and valid standardized scale that was designed to differentiate VS from MCS and that consists of 23 hierarchically arranged items that comprise 6 subscales assessing arousal, auditory, visual, motor, oromotor/verbal, and communication functions. [27] [28] [29] The lowest item on each subscale represents reflexive activity, and the highest item represents cognitively mediated behaviors. The CRS-R was administered by experienced raters on the day of the EEG recording as well as several times during the week of the recording to establish the participant's diagnosis and neurobehavioral profile. Because behavioral fluctuation is common in severely brain-injured patients, 19 the highest CRS-R total score obtained has been reported.
Based on these observations, the sample was divided into the following subgroups: MCS+ (if any reproducible response to command was obtained; CRS-R auditory subscore ≥3), 30 MCS− (if no reproducible response to command was obtained; CRS-R auditory subscore <3), 30 and VS (if no localizing or voluntary response was obtained; CRS-R subscores as follows: auditory <3; visual <2; motor <3; oromotor <3; communication <1; arousal <3). 10 
EEG Recordings
EEG data were acquired at the patients' bedside. A 32-electrode skull cap (Quik-cap; http://medcat.nl) 31 was connected to a portable digital EEG amplifier (NuAmps; http:// compumedicsneuroscan.com). An electro-oculogram was acquired using 2 electrodes placed diagonally above and below the right eye. A ground electrode was placed near Fz, and a nasal reference was applied. EEG data were recorded on a laptop computer. The impedances were kept below 5 kΩ. A sampling rate of 500 Hz and an analog bandpass filtering of 0.1 to 200 Hz were used. This procedure lasted approximately 30 minutes. Auditory stimuli were presented binaurally via earphones. EEG recordings were performed while the participants were in a wakeful state, with eyes open, in a setting with minimal ambient noise.
ERP Paradigm
We developed a single-stimulus active task designed to elicit the P3 component, which is modulated by attentional demand. 26, 32 In contrast to the classical oddball paradigm, the single-stimulus paradigm 33 presents a target but no standard tone stimulus. Previous studies using such paradigms have shown that manipulation of the interstimulus interval, the stimulus intensity, or the instruction (press a key or count a target) produced P3 amplitudes and latencies highly similar to oddball procedures. [33] [34] [35] [36] [37] In the current paradigm, the participant's own name was used as target stimulus because it is a subjectively meaningful stimulus that captures attention and continues to elicit a P3 even after a high number of repetitions. 38 Each participant's own name was recorded with the same affectively neutral female voice and digitized for binaural replay during the experiment at a maximal 90-dB sound pressure level. The paradigm consisted of the participant's own name (duration range: 500-600 ms) repeated 100 times (stimulus onset asynchrony of 2000 ms) over 4 consecutive blocks (ie, 25 stimuli per block). Two conditions (each including 4 blocks) were established. The first condition was a passive one during which participants heard their own name with the following instruction: "You will hear your own name. You have nothing to do but stay awake." Thereafter, an active condition was presented, in which the same blocks were used. Participants were instructed to voluntarily focus attention on their own name with the following instruction: "This time, try to listen attentively to your own name as there might be a change in the voice pitch." There was actually no change in pitch, thus making the stimuli in the 2 conditions comparable because only the cognitive task requirements were manipulated. A break of 5 minutes was included between the passive and active conditions. The passive condition was always presented before the active one.
Task instructions were repeated between each block. Brief auditory or deep-pressure stimulation was applied immediately before each block in both active and passive conditions to ensure a sufficient arousal level. The entire paradigm lasted approximately 15 minutes.
ERP Analyses
Analyses of EEG data were performed using Statistical Parametric Mapping software (SPM8; www.fil.ion.ucl. ac.uk/spm). Data were filtered between 0.1 and 20 Hz and epoched between −200 ms prestimulus and 1300 ms poststimulus. A baseline correction was applied on the epoched data. Single epochs with an amplitude greater than or equal to ±75 µV on electro-oculogram electrodes were discarded from further analysis. By using a robust averaging (which automatically excludes artifactual time points within each trial), single-subject ERP averages were computed by condition (ie, active vs passive). A grand-averaged ERP was computed for each group (ie, control, MCS+, MCS−, and VS). Based on the grand-averaged ERPs, we determined a temporal window between 400 and 800 ms poststimulus for the P3 component. Temporal windows (poststimulus) were also defined for earlier ERP components such as the N1/P2 complex (window: 0-200 ms) and the N2 component (window: 200-400 ms) because these reflect basic auditory and language processing. 26 Single-subject ERP averages were checked to ensure that each ERP component was included in the corresponding defined temporal window. Amplitude values (in µV) were automatically computed at each time point of the single-subject averages in the active and passive conditions for statistical purposes.
Differences in ERP Responses Between Conditions. The amplitudes obtained within the time window of each ERP component were entered in an ANCOVA model, with group (control, MCS+, MCS−, and VS) as the between-subject factor and condition (active vs passive) as the within-subject factor. A paired t test was also conducted at an individual level to detect differences of amplitude values (automatically computed on single-trial amplitudes in the 2 conditions at each time point). The proportion of responders per group was reported. SPM statistical analyses have, therefore, been done both at the group level (using ANCOVA) and at the individual level (using t tests). The individual analyses have been performed to determine the group of responders on whom we would apply further analyses (see below).
Differences in ERP Responses Across Blocks. Differences of amplitude values between conditions were estimated for responders in all 4 blocks for the ERP components of interest. For each group, an ANCOVA model was applied, with condition (active vs passive) and block (1 to 4) as withinsubject factors and group as the between-subject factor. A paired t test was also conducted for each block at an individual level (as described above). Responders' Demographics. A χ 2 test was used to assess whether the proportion of responders differed according to the etiology (traumatic vs nontraumatic). Mann-Whitney U tests were performed to test whether the age and the time since injury differed between responders and nonresponders. An ANCOVA model was applied, with condition (active vs passive) as the within-subject factor, to detect whether the difference of amplitude values for the ERP components of interest covaried with responders' CRS-R total scores and subscores. We expected a modulation of the P3 amplitude according to condition (ie, active vs passive). 34 Patients/controls with significantly higher P3 amplitude values in the active vs passive condition were considered as responders. As the P3 component can typically be observed from parietal to frontal electrodes, 26, 32 the analyses focused on F3, Fz, F4, FC3, FCz, FC4, C3, Cz, C4, CP3, CPz, CP4, P3, Pz, and P4 (see supplementary material). At each electrode, P values were obtained for each time point within the temporal window defined for each ERP component. Results were considered significant at P < .05, corrected for multiple comparisons using Random Field Theory (which allows one to identify locations where the amplitude values differ reliably across participants between 2 conditions at a given time point, having corrected for the multiple t tests performed in space and time). The ranges of time points (or latencies) for which we obtained significant results were reported. For a comparable methodological approach (see Boly et al 39 ).
Differences in ERP Responses
Results
Differences in ERP Responses Between Conditions
The N1/P2 complex and N2 component did not differ according to the condition in any group. In contrast, significant results were obtained for the P3 component. The control group displayed larger P3 amplitudes in the active compared with the passive condition over frontocentral electrodes. This effect was more widely distributed in MCS+ patients over the parietal, central, and frontal electrodes. Enhanced P3 amplitudes were observed neither in the MCS− group nor in the VS group. At an individual level, differences were found in 11 of 14 controls (79%); 5 of 8 MCS+ patients (63%), but also in 3 of 8 MCS− patients (44%); and in 1 of 10 VS patients (10%) for at least 1 of the electrodes included in the analyses (see Table 1 and Figure 1 ).
Differences in ERP Responses Across Blocks
Considering the responders, higher P3 amplitudes were obtained in the active condition in all blocks for the control group but in only 3 blocks for the MCS+ group, the MCS− group, and for patient VS2 (see Figure 2 ). Taken individually, higher amplitudes were obtained for 4 blocks in all responders of the control group but also in patients MCS+ 1 and MCS+ 2; for 3 blocks in patients MCS+ 4, MCS+ 5, MCS+ 6 and patients MCS− 3 and MCS− 8; and for 2 consecutive blocks in patient MCS− 6.
Differences in ERP Responses Between Groups
The control group presented higher P3 amplitudes over frontocentral electrodes compared with the CC group and in parietal, central, and frontal electrodes compared with the MCS+ group. No significant difference was observed between the CC group and the MCS+ group (see Figure 3 ).
Responders' Demographics
Neither etiology (χ = 0.93; P = .33), time since injury (U = 49; P = .14), nor age (U = 74; P = .89) differed between responders and nonresponders. The difference in P3 amplitude values between conditions did not covary with responders' CRS-R total scores or CRS-R subscores.
Discussion
The main objective of this study was to explore electrophysiological indices of volitional top-down attention among patients with DOC using an active ERP paradigm. Enhanced P3 amplitudes were observed in the active versus passive condition not only in controls and in MCS+ patients, but also in 3 of 8 MCS− patients and 1 of 11 VS patients (VS2). Because both conditions include exactly the same stimulation and only differ with regard to the instruction, a change in the ERP responses (particularly, in an ERP component known to be modulated by attention, such as the P3) 34 is likely to be associated with the change of instruction and imply that the patient understood the verbal command and willfully responded to this one and, therefore, that he or she was conscious. This finding is in line with previous findings using active paradigms in patients with DOC and showing the presence of covert cognition in a minority of MCS− and VS patients. [1] [2] [3] [4] [5] [6] [7] [8] [9] Those studies did not investigate the extent to which these occasional signs of volitional top-down cognition in responders really reflect fully functional top-down cognitive processing. Recently, Chennu et al 16 investigated such processing and observed a preserved volitional topdown attention in 1 VS patient. The number of patients with covert cognition that we had in our study allowed us to better characterize those responses to see how they differ from those of MCS+ and controls and how they fluctuate over time. Our results suggest that top-down cognitive processing in these patients is characterized by diminished and fluctuating top-down attentional control.
The controls primarily showed higher P3 amplitudes over frontocentral electrodes. This topography is usually related to one of the subcomponents of the P3, the P3a. The P3a originates from stimulus-driven attentional processing. 26 Previous studies have reported a variation of the P3a amplitude according to the amount of focal attention engaged to discriminate stimuli. 40, 41 For MCS+ patients and patients with covert cognition (ie, MCS− and VS), higher P3 amplitude values were observed over frontal but also parietal electrodes, which may be related to the frontoparietal attention network and may indicate a need for more generalized attentional activation in severely brain-injured patients. 42 The parietally distributed P3 has also been associated with working memory processes. 26 In our paradigm, working memory may have been recruited to maintain the instruction available within each block of the active condition.
Besides the potential involvement of additional cognitive resources when performing the task, our results seem to indicate that patients' performance fluctuates. An enhanced P3 amplitude was consistently observed across the 4 blocks in controls, whereas this was observed in only (2 to) 3 blocks in 60% (3 of 5) of MCS+ patients and also in all patients with covert cognition. This suggests that patients with covert cognition may have an impaired vigilance similar to what is clinically observed in MCS patients. 11 Patients with covert cognition also presented lower P3 amplitudes over frontocentral electrodes compared with controls, which may reflect impaired availability of attentional resources. 26 In fact, P3 amplitudes did not differ between MCS+ patients and patients with covert cognition, which may indicate similar cognitive processing.
No link was found between CRS-R total scores/subscores and P3 amplitude values. This is not surprising because we found higher amplitudes in the active condition even in MCS− and VS patients who have a low CRS-R. An absence of correlation between behavioral and electrophysiological responses during active tasks has also been observed in previous findings. 4 This supports recent assumptions on the potential dissociation between behavioral expression of consciousness and consciousness per se in patients with severe acquired brain injury. 43 Only a minority of the patients with DOC are nevertheless characterized by this lack of concordance between level of consciousness and behavioral responsivity. In our study, the proportion of responders found in the VS (10%) and MCS− (44%) groups is in accordance with previous studies indicating that a minority of patients who do not show responses to command based on behavioral measures display signs of volitional mental activity when using active paradigms. [2] [3] [4] 6 It should be noted that the sensitivity of our ERP paradigm was not perfect because 3 out of 14 controls did not show a significantly higher P3 amplitude in the active condition. This is likely related to the simplicity of the task, which may have decreased amplitude differences between active and passive conditions. P3 latencies appeared to be longer in MCS+ patients relative to controls. Whereas P3 amplitude reflects the level of attentional resource allocation (ie, attentional load), P3 latency rather reflects the speed with which a target stimulus is detected and evaluated (ie, task difficulty). 26 A longer P3 latency is in line with previous findings and suggests a slower cognitive processing compared with controls. 5, 44 Even though some MCS− patients showed a shorter P3 latency, responders in both MCS+ and MCS− groups showed similar longer latencies in the last block compared with the 2 first ones, suggesting a potential effect of fatigue. Such an observation cannot be made for patient VS2, who showed a consistent short latency across blocks, similar to that in controls. Because SPM software does not allow us to test for differences in latency, these assumptions are purely speculative. Future studies should investigate further the changes of latency over time as a potential indicator of fatigue. Besides, responders who were behaviorally classified as MCS− and VS were collapsed into 1 group to allow statistical analyses. Cognitive processing may differ among those groups. Future studies should investigate in a larger sample the remnant cognitive functioning in responsive patients diagnosed as being in a VS.
Our results have several limitations. Because the P3 latency varies widely between both individuals and groups, one could argue that the presumed P3 component could, in fact, reflect a different component. P3 latency is typically detected within a time window between 250 and 500 ms 26 but may vary between 250 and 1000 ms, depending on the stimulus and task applied. 45 In fact, the P3 latencies found in the current study are parallel to those found in previous studies using the participant's own name paradigm in healthy volunteers 20, 46 as well as in severely brain-injured patients. 5, 44 Because the presence of the N1 component may not be obvious when looking at the grand-averaged ERPs or the single-subject averages, one could also argue that it is difficult to know whether our noncommunicative patients did hear the instruction or the stimulation. However, all patients presented at least an auditory startle (CRS-R auditory subscore ≥1), which typically reflects the presence of auditory processing. 47 Difficulty in seeing an N1 component may be a result of the high stimulus presentation frequency (n = 100), which is known to dramatically reduce the N1-amplitude. 48 Besides, in the patient groups, an N1 component could have been overshadowed by high latency heterogeneities that can be observed among severely braininjured patients 44 but also by slow delta waves which are predominant in these patients. 49, 50 Controls were not matched to patients according to gender. P3 amplitude tends to be slightly larger in women than in men (2 to 3 µV). 26 In our study, the only analysis directly comparing controls to patients included more female participants in the control group (73%) than in the patients group (40% in the MCS+ group and 50% in the CC group), which could potentially have led to a slight overestimation of the differences between controls and patients. Finally, because covert cognition is present in a minority of severely brain-injured patients, our study only included a few patients. Future studies should include a very large sample and, besides replicating our results, should investigate the potential differences in cognition between patients diagnosed as being in a MCS− and patients diagnosed as being in a VS.
Conclusion
The findings of the current study suggest altered top-down attention in patients with electrophysiological signs of covert cognition. The results may have implications for the use of BCIs. The potential use of such technology as a means of restoring communication ability in severely braininjured patients has received increased attention. [13] [14] [15] Monti et al 2 observed yes-no communication using mental imagery in a severely brain-injured patient who was not able to communicate behaviorally. This phenomenon was observed in only 1 of 54 patients (1.8 %) studied. Lulé et al 51 did not observe reliable yes-no communication in the 16 patients with DOC whom they assessed using a 4-choice auditory oddball EEG-BCI paradigm. In view of the potential impairments in top-down attentional processing observed in our study using a very simple task, it is likely that some patients with covert cognition will not be able to harness complex tasks such as mental imagery for communicative purposes. We believe that future BCIs should be simplified to improve the likelihood of eliciting an intelligible response. Whereas our findings require replication by independent investigators and in larger samples, future studies should also address other top-down cognitive processes (such as working memory, executive functioning, and episodic memory) and explore the interaction between these components and motor functions. Such studies could allow a better understanding of level and quality of residual top-down cognitive processing in severely brain-injured patients and help adapt BCI-based communication strategies to this population.
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